Recent studies show that silibinin possesses a strong anti-neoplastic potential against many cancers; however, its efficacy and underlying molecular mechanisms in non-small cell lung cancer (NSCLC) are not well-defined. Herein, we assessed silibinin activity on prime endpoints and key molecular targets such as cell number, cell cycle progression and cell cycle regulatory molecules in three cell lines representing different NSCLC subtypes, namely large cell carcinoma cells (H1299 and H460) and a bronchioalveolar carcinoma cell line (H322). Silibinin treatment (10-75 μM) inhibited cell growth and targeted cell cycle progressing causing a prominent G1 arrest in dose-and time-dependent manner. In mechanistic studies, silibinin (50-75 μM) modulated the protein levels of CDKs (4, 6 and 2), cyclins (D1, D3 and E), CDKIs (p18/INK4C, p21/Cip1 and p27/Kip1) in a differential manner in these three cell lines. Consistent with these observations, silibinin caused a reduction in kinase activity of CDK4 and CDK2 in all cell lines except no effect on CDK4 kinase activity in H460 cells, and concomitantly reduced Rb phosphorylation. Together, for the first time, these results identify potential molecular targets and anticancer effects of silibinin in NSCLC cells representing different NSCLC subtypes.
INTRODUCTION
The number one cause of cancer-related mortalities is lung cancer, which accounts for 1.18 million deaths, worldwide [1] . According to the recent statistics reported by the American Cancer Society, 159,000 deaths are estimated to occur from lung cancer in 2009 alone, in the United States [2] . Despite the available standard therapies, the clinical prognosis of this disease continues to remain poor with an overall 15% survival rate, 5 years after the diagnosis [3, 4] . Non-small cell lung cancer (NSCLC) accounts for approximately 80-85% of all lung cancers, suggesting that additional strategies are needed to control this disease. The use of systemic chemotherapeutic drugs and molecular-targeted therapies in the treatment of patients with locally advanced or metastatic NSCLC is limited due to the associated acute and cumulative dose limiting toxicities and acquisition of drug resistance [4, 5] . This fact further stresses on the importance of developing new effective alternative chemopreventive therapies, with minimal adverse effects. Prevention and therapeutic intervention by developing new phytochemicals which are nontoxic, cost-effective, and physiologically bioavailable is an emerging field in cancer management [6, 7] . One such widely known phytochemical is Silibinin (Fig. 1A) , which is isolated from Silybum marianum (L.) Gaertn and is primarily used for its hepatoprotective and antioxidant activity. Silymarin is the major component of the crude form of milk thistle extract, comprising of several flavanolignans including silibinin and its stereoisomers, namely isosilybin A, isosilybin B, silychristin, isosilychristin and silydianin. Both silibinin and silymarin have human consumption and acceptability, and have been used clinically in Europe, USA and Asia [7] [8] [9] [10] . Silibinin has been shown to possess strong chemopreventive and anticancer efficacy against various cancer models of skin [11, 12] , prostate [13] [14] [15] [16] , lung [17] [18] [19] [20] , bladder [9] , colon [8] etc. Moreover, it has no LD50 reported in laboratory animals and also has been considered exceptionally safe as it has exhibited extremely low toxicity even at acute or chronic administration in both animals and humans, which emphasizes on the importance of utilizing this effective biological agent in cancer chemoprevention studies [7] [8] [9] .
Existing literature underscores the critical role of silibinin in regulating the various mitogenic signaling cascades involved in controlling cell cycle progression, cell proliferation, and cell survival [13] . In previously conducted preclinical studies, silibinin has been shown to exert its anti-neoplastic actions through several mechanisms which include (i) G1 arrest and apoptosis, along with an increase of p21 and p27 protein levels [7] [8] [9] 13, [21] [22] [23] , (ii) reduced phosphorylation of retinoblastoma protein leading to stability of the complex formed with E2F [24, 25] , (iii) inhibition of erbB1 activation with reduced ligand binding to this receptor as demonstrated in prostate cancer DU145 cell line [26] , (iv) inhibition of the activation of transcription factor NF-κB, an important component in cell survival and chemotherapy resistance [27, 28] , and (v) increasing the expression of IGFBP3 in human prostate carcinoma DU145 and PC-3 tumor xenografts in athymic nude mice [14, 29, 30] . The pleiotropic effects of silibinin have also been extended to several efficacious chemo-combination studies. Silibinin along with doxorubicin showed strong synergism in the growth inhibition of DU145 cells [15] . Another combination study showed that silibinin sensitizes the androgen-independent DU145 cells to cisplatin-and carboplatin-induced cell growth inhibition and apoptotic death [16] . A combination of silibinin and docetaxel exhibited little or no synergy in growth inhibitory and apoptotic effects in PC-3, DU145, and LNCaP cells, however, silibinin in combination with mitoxantrone decreased cell viability of all three cell lines and was able to overcome the relative resistance of PC-3 cells to mitoxantrone-induced apoptosis [31] . Furthermore, silibinin in combination with paclitaxel has been proposed to be a beneficial chemotherapeutic strategy, especially in patients with tumors refractory to paclitaxel alone [32] .
With respect to lung cancer, silibinin has been implicated to cause significant growth inhibition and apoptosis, in both SCLC (SHP-77 cells) and NSCLC (A549 cells), together with some alterations in cell cycle checkpoints [17] . In another in vitro study, using A549 cells, silibinin was shown to reduce MMP-2 and u-PA levels, through the suppression of ERK1/2 (MAPK) and by enhancing the TIMP-2 expression [18, 19] . Inhibition of multiple cytokine-induced signaling pathways regulating iNOS expression, in A549 cells, has been demonstrated using silibinin [20] . Extensive studies in vivo, using silibinin along with doxorubicin has showed synergistic suppression of human lung A549 xenograft growth in athymic nude mice [33] . Furthermore, dietary silibinin (0.1-1%) was reported to inhibit tumor cell proliferation and angiogenesis in a chemically-induced lung tumorigenesis A/J mouse model [34] . Though these encouraging findings have established silibinin as a promising agent in chemoprevention of lung cancer, its role in non-small cell lung cancer is an unexplored area of interest. Hence, the focus of current study was to evaluate the antineoplastic potency of silibinin in non-small cell lung cancer cell lines, and to characterize its mechanism of action.
MATERIALS AND METHODS

Cell Lines and Reagents
Silibinin (MW = 482.4), Propidium iodide (PI) and β-Actin were obtained from Sigma Aldrich Chemical Co. (St. Louis, MO). RPMI 1640 media and other cell culture materials were from Invitrogen Corporation (Gaithersburg, MD). Human NSCLC H1299 (null p53, wt Rb) and H460 (wt p53, wt Rb) cells were obtained from American Type Culture Collection (Manassas, VA) and H322 (mutated p53, wt Rb) cells were a kind gift from Dr. Daniel Chan (Department of Medicine, Division of Medical Oncology, University of Colorado Denver). Antibodies for CDK4, CDK6, CDK2, cyclin D1, cyclin D3 and cyclin E, and RB-GST fusion protein were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody for p21/ Cip1 was from Millipore Corporation (Temecula, CA) and p27/Kip1 was from Neomarkers (Fremont, CA). ECL detection system and anti-mouse HRP-conjugated secondary antibody were from GE Healthcare (Piscataway, NJ) and anti-rabbit peroxidase-conjugated secondary antibody was from Cell Signaling Technology (Danvers, MA).
Cell Culture and Silibinin Treatments
Human NSCLC H1299 cells (passage 3-45), H460 cells (passage , and H322 cells (passage 3-30) were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and 100 U/ml penicillin G and 100 μg/ml streptomycin sulfate at 37°C in a humidified 5% CO2 incubator. After plating, 40-50% confluent cells were treated with varying doses of silibinin (10-75 μM in medium), which was originally dissolved in dimethyl sulfoxide (DMSO), for different time periods (24-72 h) under serum condition. Apart from the control, an equal amount of DMSO was present in each treatment; though its concentration did not exceed 0.1% (v/v) in any treatment group.
Cell Growth and Cell Death Assays
Five thousand cells/cm 2 were plated in 60-mm dishes under standard conditions and left overnight. Cells were subsequently treated with DMSO control alone or with varying doses of silibinin (10-75 μM) as mentioned above. At the end of respective treatment time points (24-72 h), both adherent and non-adherent cells were harvested by brief trypsinization, washed with phosphate-buffered saline (PBS) and collected in separate tubes. Each sample was counted in duplicate using a hemocytometer and an inverted microscope and total cell number was determined. Each treatment group at different time points had 3-4 independent plates. Trypan blue dye exclusion method was used to differentiate between live and dead cells.
Quantitative Detection of Apoptosis
To quantify silibinin-induced apoptotic death of NSCLC cells, annexin V and propidium iodide staining was performed followed by flow cytometry, as described recently (8) . Briefly, cells were plated in 60 mm dishes, and at 50% confluency, cells were treated with different concentrations of silibinin. After these treatments, cells were collected by brief trypsinization and washed with phosphate-buffered saline twice, and subjected to annexin V and propidium iodide staining using Vybrant Apoptosis Assay Kit2 following the step-bystep protocol provided by the manufacturer. After the staining, fluorescence-activated cell sorter analysis was performed for the quantification of the percent apoptotic cells.
Cell Cycle Distribution Analysis using Fluorescence-activated Cell Sorting
As mentioned earlier, after 24, 48 or 72 h of treatment time, cells were harvested by brief trypsinization, washed with phosphate-buffered saline and collected by centrifugation. Cell pellets were washed twice with ice-cold PBS, and approximately 0.5 × 10 6 cells were suspended in 500 μl of saponin/PI solution [0.3% saponin (w/v), 25 μg/ml PI (w/v), 0.1 mM ethylenediaminetetraacetic acid and 10 μg/ml RNase A (w/v) in PBS] and incubated at 4°C for 24 h in the dark. Stained cells were then subjected to flow cytometry at fluorescenceactivated cell sorting analysis core facility at the University of Colorado Cancer Center to analyze the cell cycle distribution.
Western Blotting
At 60-65% confluency, cells were treated as described earlier and cell lysates were prepared in non-denaturing lysis buffer [10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% triton X-100, 1 mM EDTA, 1 mM EGTA, 0.3mM phenyl methyl sulfonyl fluoride, 0.2 mM sodium orthovanadate, 0.5% NP40, 5U/ml aprotinin]. Briefly, media was aspirated from the culture plates followed by two washings with ice-cold PBS. Subsequently, cells were incubated in lysis buffer for 10 min on ice, collected by scraping and kept on ice for 30 min. Finally, after freeze and thaw, cell lysates were centrifuged at 4°C for 30 min at 14,000 rpm. Protein concentrations in lysates were determined by using Bio-Rad DC protein assay kit (Bio Rad, Hercules, CA). Fifty-eighty μg of protein lysate per sample was denatured in 2X sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 8, 12 or 16% Tris-glycine gel. The separated proteins were transferred on to nitrocellulose membrane followed by blocking with 5% non-fat milk powder (w/v) in Tris-buffered saline [10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1% Tween 20] for 1h at room temperature. Specific primary antibodies were used to probe the protein levels of the different desired molecules, following which appropriate peroxidase-conjugated secondary antibodies were used and visualized by ECL. Each membrane was stripped and reprobed with anti β-actin antibody, to ensure equal protein loading.
Kinase Assays
As reported earlier [9] , to determine CDKs (4 and 2) associated kinase activity, 200-300 μg of protein lysates from each sample were pre-cleared with protein A/G-plus agarose beads and CDK4 or CDK2 protein was immunoprecipitated using specific antibody and protein A/ G plus agarose beads. After overnight incubation at 4°C, beads conjugated with antibody and protein were washed 3 times with Rb-lysis buffer [50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 1 mM DTT, 80 mM β-glycerophosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, 0.1% Tween 20, 10% glycerol, 1 mM PMSF and 10 μg/ml aprotinin and leupeptin] and 2 times with Rb-kinase assay buffer [50 mM HEPES-KOH (pH 7.5), 2.5 mM EGTA, 1 mM DTT, 10 mM β-glycerophosphate, 10 mM MgCl2, 1 mM NaF, 1 mM DTT and 10 mM sodium orthovanadate]. Phosphorylation of the specific substrate (Rb-GST for CDK4 and Histone H1 for CDK2) was measured by incubating the beads with 30 μl of hot kinase solution (2.5 μg of Rb-GST or histone H1, 0.5μl of γ-32P ATP, 0.5μl of 0.1 mM ATP and 28.75 μl of kinase buffer) for 30 min at 37° C. The reaction was stopped by boiling the samples in 5X SDS sample buffer for 5 min. Samples were resolved by SDS-PAGE and the gel was dried and subjected to autoradiography. For in vitro kinase assay, total cell lysate from untreated human NSCLC H1299 cells was used and both CDK4 and CDK2 immunocomplexes were obtained as described above, and incubated with specific doses of silibinin (0-75 μM) along with the substrate for 30 min following the detailed kinase assay as described above.
Densitometry and Statistical Analyses
Using Adobe Photoshop 6.0 (Adobe systems, San Jose, CA), bands were scanned and their mean density was analyzed by Scion Image program (National Institutes of Health, Bethesda, MD). Densitometry data which is represented below the bands are the 'fold change' as compared with respective DMSO control, after normalization with respective loading controls (β-actin). Statistical analysis was done using Sigma Stat 3.5 software (Jandel Scientific, San Rafael, CA) and the statistical significance for the differences between the control and treated groups was determined by one way ANOVA, followed by Bonferroni's t-test for multiple comparisons. p<0.05 was considered statistically significant.
RESULTS
Effect of Silibinin on the Growth of NSCLC Cells
First, we assessed the effects of silibinin on NSCLC cell proliferation (H1299, H460 and H322 cells). Cells were treated with varying concentrations of the drug (10-75 μM) dissolved in DMSO for 24, 48 and 72 h. At the end of each time point, the total cell number, live cell number and cell death were determined. H1299 cells showed cell growth inhibitory effects in a dose-and time-dependent manner. The range of decrease in total cell number was 22% (p<0.05) to 43% (p<0.001), and 21% (p<0.05) to 72% (p<0.001) following 48 and 72 h treatments, respectively, using the specified doses of silibinin ( Figure 1B) . In H460 cells, total cell number decreased by 33% (p<0.001) to 53% (p<0.001) following 48h and 19% (p<0.05) to 65% (p<0.001) following 72 h of similar silibinin treatments ( Figure 1B) . In H322 cells, the same silibinin concentrations were effective in decreasing the total cell number by 28% (p<0.05) to 53% (p<0.001), 17% (p<0.05) to 43% (p<0.001) and 24% (p<0.05) to 62% (p<0.001), following 24, 48 and 72 h treatments, respectively ( Figure 1B) . The rank order of potency for growth inhibition with 75μM silibinin concentration at 72 h was H1299 (72%, p<0.001) > H460 (65%, p<0.001) > H322 (62%, p<0.001). We also calculated the total live and dead cell numbers to further address their involvement in the growth inhibitory effect of silibinin in all the three cell lines. As shown in Figure 1C , silibinin treatment (10-75 μM) for 24-72 h resulted in a decrease in live cells in both doseand time-dependent manner in all the three cell lines. Importantly, the patterns of silibinin growth inhibitory effects in terms of total versus live cell numbers in all three cell lines were very close, suggesting that silibinin has potent anti-proliferative efficacy in all the three NSCLC cell lines studied at physiologically achievable concentrations.
Effect of Silibinin on NSCLC Cell Death
A linear increase in percent of dead cells was observed with increasing concentrations of silibinin at 24, 48 and 72 h time points in H1299 and H322 cells; which was moderate but significant at higher doses ( Figure 1D ). In contrast, a similar trend of significant increase in cell death was not observed in H460 cells after 24 and 48 h of treatment ( Figure 1D ). However, none of the silibinin concentrations and treatment times induced profound cell death, as the maximum effect observed was upto 9% (p<.001) in H1299, 9% (p<.05) in H460 and 8% (p<.001) in H332 cells compared with 4%, 5% and 3% in vehicle controls, respectively at the highest dose of silibinin for 72 h except in H460 cell line, where maximum effect was observed at 50 μM dose of silibinin for 48 h ( Figure 1D ). Consistent with a lack of profound cell death effect by silibinin in all three NSCLC cell lines in Trypan blue assay, there was also no significant apoptotic cell death observed in the three cell lines when treated with specified doses (50-75 μM) of silibinin ( Figure 1E ). Together, these results convincingly show that the major biological effect of silibinin in NSCLC cells is
Effect of Silibinin on Cell Cycle Progression of NSCLC Cells
We next asked the question whether growth inhibitory effect of silibinin is associated with an alteration in cell cycle progression of NSCLC cells, and found that indeed silibinin induces a prominent G1 arrest in the cell cycle progression of H1299, H460 and H322 cells. Figure 2C ). The observed increase in G1 phase cells by silibinin was accompanied by a decrease in both S and G2/M phase cell population, except in H460 cells, which also showed an increased G2/M population at 72 h.
Effect of Silibinin on the Protein Expression of Cyclins, CDKs and CDK Inhibitors
Amongst the many pathways altered in lung cancer malignancy, the most critical one involves the disruption of the normal cell cycle regulation [35] . Next, we analyzed the different cell cycle regulatory molecules which could be involved in the strong G1 arrest caused by silibinin. Western blotting analysis showed that 50 and 75 μM doses of silibinin after 12, 24 and 48 h of treatment caused a decrease in the expression of protein levels of G1 regulatory cyclins and CDKs in H1299, H460 and H322 cells that included CDK2, 4 and 6 and cyclin D1, D3 and E (Figs. 3A, B and C) . Apart from positive regulators such as CDKs and cyclins, there are specific CDK inhibitors (INK4 and Cip/Kip family) which control CDK activity, thereby regulating cell cycle through various phases [36] . Various genetic or epigenetic events have been accounted for the loss of p16/INK4A protein in Rb-positive lung cancer cell lines [37] . Our results showed that p18/INK4C levels are increased by silibinin at 12h in H1299 and H460 cells, and at 24 and 48 h in H322 cells (Figure 4) . Regarding Cip/Kip family molecules, in H1299 cells, silibinin caused an increase in the protein levels of both p21 and p27 at earlier time points of 12 and 24h; importantly, 48h treatment did not show any effect on p21 levels and strongly reduced p27 levels ( Figure  4A ). In H460 and H322 cells, silibinin increased the protein levels of p21 at all time points and p27 at 12and 24h time points ( Figure 4B and C) ; a strong decrease in p27 levels by 48h silibinin treatments was also observed in both these cell lines. The Cip/Kip proteins are upregulated by several known pathways, both at the transcriptional and post-transcriptional levels and are known to be extremely short-lived. Their metabolic stability and degradation through proteolytic pathways are determining factors that decide the fate of the cells, through the cell cycle [13] . In the past, several studies have shown that the ubiquitinproteosome proteolysis system is a major pathway that regulates p27 levels. Phosphorylation of p27 (Thr187) by CDK2 causes p27 protein to bind with ubiquitin ligase (SCF-SKP2) that leads to 26S proteosome degradation [13] . Accordingly, there is a possibility that silibinin treatment (48 h) induced the p27 binding with SKP2 for the proteosomal degradation; however, further studies are needed in future to address this issue. Nevertheless, our results suggest that the G1 phase arrest by silibinin at 48 h is associated at least in part with the accumulation of p21, if not p27, in all the three NSCLC cell lines.
Effect of Silibinin on the Kinase Activity of CDKs
Sequential activation of CDK4 and CDK2 in early and mid/late G1 phase takes place, respectively, which can be determined by the kinase activity of these serine-threonine kinases [38] . Cells were treated with desired concentrations of silibinin (50-75 μM) and cell lysates were prepared, and subjected to immunoprecipitation with CDK2 and CDK4 antibodies, following which kinase assays were performed. Silibinin showed inhibition of CDK4 kinase activity in both H1299 and H322 cell lines represented by reduced phosphorylation of Rb-GST, which was used as its substrate ( Figure 5A and 5C, upper  panel) . Similarly, in both these cell lines, silibinin also decreased the kinase activity of CDK2, shown by the marked reduction in phosphorylation levels of its specific substrate, histone H1 ( Figure 5A and 5C, lower panel) . In H460 cells, the CDK4 kinase activity remained unchanged ( Figure 5B, upper panel) whereas the kinase activity of CDK2 significantly decreased by silibinin ( Figure 5B, lower panel) . Furthermore, we also performed in vitro kinase activity assays for both CDK4 and CDK2 employing total cell lysates from untreated control H1299 cells, to address the issue whether the observed inhibitory effect of silibinin on CDK4 and CDK2 kinase activity was a direct response or due the decreased total protein levels of CDK4 and CDK2 after silibinin treatment. The in vitro addition of silibinin in the kinase assay comprising of CDK4 or CDK2 immunocomplex from untreated cells along with the substrate for 30 min showed that it does not inhibit the direct kinase activity of CDK4 and CDK2 ( Figure 5D ). These results suggested that the inhibitory effect of silibinin on CDK4 and CDK2 kinase activity is not a direct response; rather it involves a possible decrease in the protein levels of CDK4 and CDK2 by silibinin and/or an increased inhibitory activity of CDKIs following an increase in their levels in silibinin-treated samples.
Effect of Silibinin on Total and Phosphorylated Levels of Retinoblastoma Protein
Eukaryotic cell growth is governed by cell cycle progression where a growth signal "turnson" an interaction between CDKs and cyclins, activating the CDKs, which phosphorylates retinoblastoma (Rb) and other Rb related proteins (e.g. p107, p130), to release the E2F transcription factors, in order to regulate the expression of various genes required for G1-S phase transition [24, 36] . Considering the three cell lines chosen for study, where functional Rb protein is expressed, we asked the question whether the up-regulation of protein levels of CDK inhibitors and decrease in CDK (4 & 2) kinase activities was accompanied by the decrease in Rb phosphorylation, contributing to the growth inhibitory effect of silibinin. Western blot analysis showed a strong decrease in the phosphorylation of Rb at ser807/811 and ser780 sites, in the 24 h silibinin-treated samples of H1299 (50-75 μM), H460 (50-75 μM), and H322 cells (at 75 μM) compared to the respective controls ( Figure 6A , B and C). The total Rb levels remained almost unchanged in H1299 and H322 cells, whereas in H460 cells a reduction in the total levels of Rb was observed.
DISCUSSION
Prevention and therapeutic intervention of cancer by non-toxic phytochemicals are newer dimensions that remain to be investigated further. The advantages of the non-toxic physiologically available phytochemicals over the conventional treatment modalities like chemotherapy and radiation therapy, qualifies these agents as ideal candidates in chemoprevention strategies [39] . The anticancer potential of these phytotherapeutics has been extensively studied in various epithelial cancers including prostate, skin, colon, breast, lung, liver etc [31, 40] . The relationship between diet and lung cancer has also been explored in many ecologic and case-control studies [41] , listing the protective effects of vegetables and fruits intake rich in flavonoids and antioxidants [42, 43] . In this regard, a large clinical study has suggested the presence of an inverse association between flavonoid intake and subsequent lung cancer incidences [20] . Accordingly, the findings in the present study showed that silibinin, a well known polyphenolic flavonoid, exhibits strong anti-proliferative effect against human NSCLC (H1299, H460 and H322) cells. These include alterations of the G1-associated cell cycle molecules, explaining its direct relevance to the G1 phase arrest, observed in all the three cell lines, by this agent. Approximately 80-85% of lung tumors are classified as NSCLC [44] of which, adenocarcinoma is the most commonly occurring form accounting for 50% of the cases, followed by squamous cell (20%) and large cell carcinoma (10%). The three cell lines (H1299, H460 and H322 cells) selected for studies, not only differ in their histological grades but also possess different genetic backgrounds, differing in their sensitivities to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors and p53 status. EGFR is overexpressed in the majority of cancers like colorectal, head and neck, breast, NSCLC etc. and has been a major target for new therapies [45] . Currently, two molecular-targeted approaches are used for inhibiting EGFR signaling in advanced chemorefractory NSCLC that includes monoclonal antibodies and EGFR TK-inhibitors [44] . One major limitation of this treatment option is the resistance or sensitivity of cancer cells to these inhibitors, the molecular mechanisms of which are not clearly defined. For example, both H1299 and H460 cells are resistant to EGFR tyrosine kinase inhibitors whereas H322 cells are sensitive. With regard to this aspect, in the present study silibinin was found to exert its chemopreventive effects by inhibiting cell growth, most likely via inducing cell cycle arrest at G1-S transition, in the three cell lines irrespective of their differences, as mentioned.
Cell growth and proliferation in mammalian cells are coordinated events that are regulated through cell cycle progression which constitutes the G0, G1, S, G2 and M phases. The aberrations at the G1-S checkpoint are associated with deregulated cell cycle progression in most human cancers. This check point is usually controlled by CDK4, 6 and 2 in association with cyclin D and cyclin E [42] . Our results showed that silibinin treatment caused a decrease in the protein levels of CDK4, 6 and 2, along with a decrease in cyclin D1, and D3 protein levels, explaining the plausible role of these cell cycle regulatory proteins, in the silibinin-induced G1 arrest observed in H1299, H460 and H322 cell lines. CDKs are activated by phosphorylation/ dephosphorylation events and binding to cyclins, the regulatory subunits, to form heterodimeric complexes. The activities of CDKs are constrained by the CDK inhibitors which fall into two categories namely INK4 family of proteins (p16/INK4A, p15/INK4B, p18/INK4C, p19/INK4D) and the Cip/Kip family consisting of p21/Cip1, p27/Kip1 and p57/Kip2 [21, [46] [47] [48] [49] . The INK4 proteins specifically inhibit the catalytic subunits of CDK4 and CDK6; however, the Cip/Kip family members are the negative regulators of cyclin E-and cyclin A-CDK2 and cyclin B-CDK1 holoenzymes. However, p27/Kip1 is phosphorylated by cyclin E-CDK2 complex and subsequently targeted for degradation [21, [46] [47] [48] [49] . Cell cycle inhibition by p16 has been associated with the post-transcriptional induction of p21 and strong inhibition of cyclin E-CDK2 kinase activity; however, some other studies have reported that Cip/Kip family members promote the association of D-type cyclins with CDKs by counteracting the effects of p16 molecules. This type of functional cooperation between different cell cycle inhibitory proteins has been proposed to constitute another level of regulation in cell growth control and tumor suppression [50] . Our results revealed that silibinin up-regulated p21 and p27 protein levels in H460 and H322 cells at early time points (12 and 24 h) whereas in H1299 cells, silibinin decreased the protein levels of p21 at 12 and 24 h. Further studies are needed to clarify the role of differential regulation of p21 and p27 in silibinin-mediated G1 arrest in H1299 cells.
CDK4 and 6 are substrate specific and phosphorylate only Rb, whereas cyclin E-CDK2 has a broader range of specificity to phosphorylate histone H1, Rb, p27/Kip1 and possibly other substrates that help trigger the firing of replication origins, centrosome duplication and histone biosynthesis [48, 51, 52] . In accordance with the previous observations, silibinin treatment reduced the kinase activity of CDK4 and 2 in both H1299 and H322 cells, suggesting their role in silibinin-mediated G1 arrest. In the mid-G1 phase, CDK4 and 6 initiate the phosphorylation of Rb, followed by the sequential activation of cyclin E-CDK2 complex to phosphorylate Rb on the additional sites. The hyper-phosphorylated state of Rb is maintained throughout the cell cycle (by the cyclin A-and B-dependent kinases) till the cell divides and exits mitosis [48] . Rb is known to directly bind to the activation domain of activator E2Fs and block its activity [53] . Upon phosphorylation, Rb and related proteins release the tethered E2F transcription factors that in complex with DP1 and DP2, either activate (E2F1, 2 and 3) or repress (E2F4 and 5) gene transcription essential for the G1-S transition and commitment to mitosis [54] . Reduction in the Rb phosphorylation at ser807/811 and ser780 in silibinin treated samples of H1299, H460 and H322 cells further clarifies the role of CDK-cyclin-Rb axis in silibinin-caused inhibition of G1-S transition.
A recently conducted phase I clinical trial with silibinin in advanced prostate cancer patients showed that the upto 100 μmol/L plasma level of free silibinin was achievable without any associated major toxicity [55] . Thus, the range of silibinin doses used in this cell culture study (10-75 μM) could be physiologically achievable in vivo in humans and therefore further signify the biological relevance of the findings to both prevention and intervention of various human malignancies including lung cancer. To summarize the current findings, silibinin was found to (i) cause inhibition of cell proliferation, (ii) induce G1 arrest, (iii) decrease the protein levels of G1 phase associated CDKs and their corresponding cyclins, (iv) increase the CDKIs protein levels, (v) inhibit the kinase activity of CDKs (4 and 2), and (vi) decrease the phosphorylation status of Rb in NSCLC cells. Collectively, these findings suggest that silibinin exerts strong anti-proliferative effect against human non-small cell lung carcinoma H1299, H460 and H322 cells. Furthermore, this is the first detailed mechanistic study of silibinin and its cell cycle effects in human NSCLC cells of varying clinical and histopathological profiles. Overall, this study identifies the potential key molecular targets of silibinin with relevance to its efficacy in NSCLC cells. These results might provide a valuable insight to use silibinin in combination with chemotherapeutic agents in NSCLC, however, that needs to be investigated. Further, in vitro and in vivo studies are needed to unravel the potential clinical utility of this naturally occurring chemopreventive agent against lung cancer. Effect of silibinin on the expression of G1 phase-related cyclin-dependent kinase inhibitors in human NSCLC cells. H1299 (A), H460 (B) and H322 (C) cells were treated with either DMSO control or various doses of silibinin (50-75 μM) for 12, 24 and 48 h. At the end of each treatment time, cell lysates were prepared in non-denaturing lysis buffer as mentioned in Materials and methods. For each sample, 50-60μg of protein lysate was used for SDS-PAGE and western immunoblotting, and membranes were probed for p18, p21 and p27. Membranes were stripped and reprobed with anti-β-actin antibody for protein loading correction. Blots shown are representative of at least two-three independent experiments. The densitometry data presented below the bands are 'fold change' as compared with DMSO control, after normalization with respective loading control (β-actin). C, control; Sb; silibinin. Effect of silibinin on the kinase activity of CDK4 and CDK2 in human NSCLC cells. H1299 (A), H460 (B), and H322 (C) cells were treated with either DMSO or 50-75 μM doses of silibinin for 24 h. Kinase activity of CDK4 and CDK2 in the cell extracts were analyzed using Rb-GST and histone H1 as their respective substrates. In-bead kinase assays were performed after immunoprecipitation of the specific protein as described in Materials and methods. (D) Employing equal amount of protein extracted from control H1299 cell, CDK4 and CDK2 were immunoprecipitated and then incubated with indicated doses of silibinin followed by kinase activity assay. Blots shown are representative of at least two independent experiments. C, control; Sb, silibinin; IP, immunoprecipitation. Silibinin induces hypophosphorylation of Rb in human NSCLC cells. H1299 (A), H460 (B) and H322 (C) cells were treated with either DMSO control or 50 -75 μM doses of silibinin for 24h. At the end of these treatments, total cell lysates were prepared, and subjected to SDS-PAGE on 6% gels followed by western immunoblotting as described in Materials and methods. Membranes were probed for phospho-Rb (Ser 807/ 811), phospho-Rb (Ser 780) and Total Rb. Membranes were stripped and reprobed with anti-β-actin antibody for protein loading correction. Blots shown are representative of at least two independent experiments. The densitometry data presented below the bands are 'fold change' as compared with DMSO control, after normalization with respective loading control (β-actin). C, control; Sb; silibinin.
